The interactions of Ipomoea aquatica and Utricularia reflexa with phytoplankton densities were studied in a small water body in Zaria, Nigeria from June to November 2007. The negative effects of both macrophytes on 10 out of 15 phytoplankton taxa, including Staurastrum sp., Netrium sp., Ulothrix sp., Marssionella sp. and Closterium sp. were differentiated from other environmental effects. U. reflexa, on the other hand, showed positive associations with species like Actinocyclus sp., Palmellopsis sp., Spirotaenia sp., Microcystis sp. and Marssionella sp. Qualitative phytochemical screening and FT-IR analyses confirmed the
INTRODUCTION
Phytoplankton populations closely interact with prevailing conditions in their environment (Chia et al. 2011a) . Aquatic macrophytes play key roles in maintaining ecological balance in water bodies. They cause significant variations in water quality parameters of different aquatic systems. In addition, they constitute a major weed problem, affecting navigation and sometimes resulting in the death of lenthic water bodies through ecological succession (Bako et al. 2007 ).
Utricularia reflexa is primarily known for its carnivorous habit and not much has been reported on its interaction with phytoplankton (Adamec 2007) . Ipomoea aquatica forms floating mats in water bodies. Where these plants grow excessively, they create problems in fishery management, navigation, and irrigation. Of the two species, I. aquatica is recognized as a more potent threat to natural areas (Langeland, Burks 2000; Singh et al. 2010) .
It is a known fact that the presence of aquatic macrophytes can limit phytoplankton growth. Two mechanisms are generally proposed to explain this control over phytoplankton growth: resource competition and allelopathy (Mulderij et al. 2006; Hilt et al. 2006; Chia et al. 2011a) . It is difficult to study each of these mechanisms independently. However, to date little research has established the presence of secondary metabolites and the ecological interactions of these two macrophytes with phytoplankton.
This study aims to demonstrate the interactions of these aquatic macrophytes with physicochemical parameters and phytoplankton population dynamics in a shallow, lenthic water body. In addition, the presence of secondary metabolite groups known to have allelopathic potentials is confirmed.
MATERIALS AND METHODS

Study Area
Dan Magaji pond (11°05´N, 07°41´E) is a manmade pond created as a result of excavation. It is located in Zaria in Dan Magaji village on the ZariaKano Expressway (Fig. 1) . Zaria, situated centrally in the Northern Guinea Savanna of Nigeria, has a tropical climate with well-defined wet and dry seasons from May to October and November to April, respectively. The pond serves as a source of water for irrigating farms and watering animals. It is seasonal in nature, containing a mean water level of 143 cm (water depth) for about 8 months per year, from May to January.
Macrophyte samples were collected twice a month for six months, from June to November 2007, at four fixed sampling stations. These stations were marked and maintained throughout the study period to ensure that samples were from the same location, to allow for the study of possible relationships between aquatic macrophytes and physicochemical water parameters (Chia et al. 2011a) . Water samples were collected at about 30 cm depth, 1 m from the shore, in accordance with the procedures outlined in Lind (1979) and APHA (1998).
Where analyses were not performed on the day of sampling, samples for physicochemical parameter analyses were preserved at -20°C. Water temperature was measured in situ using a mercury thermometer. Electrical Conductivity (EC) (µohm cm -1 ) was determined using an E.B.A/10 conductivity meter. A Pye Unicam pH meter model 292 was used to analyze pH at 25°C. The modified Winkler Azide method (Lind 1974; APHA 1985) was used to determine dissolved oxygen (DO) and biochemical oxygen demand (BOD). Total dissolved solids (TDS) were determined according to Lind's procedures (1974) . Nutrient concentrations (phosphatephosphorus, PO4-P; and nitrate-nitrogen, NO3-N) were spectrophotometrically determined with a HACH DR/2000 spectrophotometer (Mackereth 1963 , Lind 1974 , APHA 1985 . Transparency was measured using a 20 cm diameter Secchi disc.
Treatment and analysis of algal samples were performed according to procedures outlined by Prescott (1977) and APHA (1998). Direct microscopic cell counts using the drop count technique (Bartram, Rees 2000) were used to determine the green algal cell density (number of cells per ml). Briefly, a drop of the concentrate was placed on a glass slide and the total number of individuals in that drop was counted. Prior to these counts, the glass dropper was calibrated to determine the number of drops in one milliliter. With this knowledge, the total number of cells per drop was multiplied by the number of drops per one milliliter to determine the total number of individuals or cells per ml (Chia et al. 2011b) . The cell densities determined were used to calculate the relative abundance (%) of the different phytoplankton taxa.
Samples for macrophyte analysis were collected from the same locations as those for phytoplankton analysis. At each station, replicate macrophyte density measurements were made using 5 × 5 m quadrants as a percentage of the total pond aquatic macrophyte cover, so that comparable samples were obtained from areas of consistent size and shape. Four sampling sites were chosen for macrophyte sampling with site D as a reference site that lacked the presence of aquatic macrophytes. Representative samples of each species were collected from each station for identification and laboratory analysis (Chia et al. 2011a ). Macrophytes were identified in the herbarium of the Department of Biological Sciences, Ahmadu Bello University, according to the methods of Hutchinson and Datziel (1952-1972) , Miles et al. (1970) , Cook et al. (1974) , Heywood (1978) , and Obot & Ayeni (1987) . Estimates of density of occurrence were made according to methods described by Higgins et al. (1994) .
Macrophyte samples were air-dried and ground. Fifty grams of the fine powder were extracted using a standard soxhlet apparatus (Farag et al. 1987; McLaren et al. 1990 ). The extraction solvent comprised a series of solvents of increasing polarity (petroleum ether, 60-80°C; ethyl-acetate, 76-77°C; and methanol, 64-65°C) for 72 hours. All eluted materials of each extract type were concentrated together at 40°C to 100 ml using a rotary evaporator. Secondary metabolites with allelopathic potential were determined according to the procedures of Sofowora (1993) and Trease & Evans (1997) (Table  1) .
Furthermore, plant extracts were analyzed using a Fourier Transform Infra-Red (FT-IR) Model 8400s spectrophotometer (Shimadzu, Japan). For a detailed description of this method, see Chia et al. (2011a) . All scanning was done from 4000-625 cm -1 (Williams, Fleming 2005) .
The interactions between physicochemical parameters were determined using principal component analysis (PCA). Macrophyte and physicochemical parameters versus phytoplankton species correlations were determined using canonical correspondence analysis (CCA) (Ter Braak 1986) . Significance of the ordination axes was determined by the Monte Carlo permutation test using a thousand permutations at 5% significance level. All PCA and CCA analyses were performed using PAST for Windows software (Hammer et al. 2001 ). Analysis of variance was used to determine if significant differences existed between mean physicochemical factors, macrophyte densities, and phytoplankton species abundance. ANOVA was performed using SPSS version 17 for Windows.
RESULTS
Results for physicochemical parameters and macrophyte densities are shown in Table 2 . Temperature readings decreased throughout the study period with a mean monthly temperature of 28.02 +0.16°C. Temperature variations between stations were not significantly (p>0.05) different, though temporal variations were significant (p<0.05). Water transparency was highest at station D and during the months of September through November. At all stations pH levels ranged from 6.50 to 7.00. Electrical conductivity increased with time and was highest in November. Amongst the stations, the highest value was recorded at the control station. Total dissolved solids were lowest at station A (0.10 +0.03 mg l -1 ) and highest at station C (0.26 +0.13 mg l -1 ). The highest TDS values were recorded in the months of June through August. Macronutrient (nitrate and phosphate) concentrations decreased from June to September, and thereafter increased. Biochemical oxygen demand and DO concentrations were highest in the dry months, and highest at the control station. Macrophyte cover showed that at sampling station D, the control station, there were no macrophytes reported, and station C had less plant cover than the other two stations. Macrophyte density decreased as the dry months approached. The highest densities were observed at the start of the study while the lowest values were recorded in October and November. Two-way ANOVA comparing monthly and spatial variations of physicochemical factors and macrophyte densities showed that except for TDS, which showed no temporal variation, all other factors were significantly different (p<0.01). Spatially, the two macrophyte species, EC, water hardness, and water depth were significantly different at the different stations. No other factors varied significantly between stations.
The 15 phytoplankton taxa found were spread (Table 3) . Nine chlorophyta taxa were recorded. Echinospherella sp. and Palmellopsis sp. had the highest monthly relative abundance (RA). Dermatophyton sp. had the lowest monthly RA overall and at each of the study stations. Ulothrix sp., Spirotaemia sp., Echinospherella sp., Haematococcus sp., and Palmellopsis sp. each had an RA above 5.0% across all sampling stations. The Bacillariophyta taxa recorded were Actinocyclus sp. and Pernia sp. When compared to other microalgal and cyanobacterial taxa recorded, Actinocyclus sp. had the highest monthly and spatial RAs. Of the four cyanobacteria taxa recorded in this study, Marssioniella sp. and Microcystis sp. were the most abundant across stations, and throughout the months. A detailed description of temporal and spatial variations of diversity indices can be found in Chia et al. (2011a) . All phytoplankton taxa, with the exception of Haematococcus sp., showed significant monthly variations in their relative abundance. For variations between sampling stations, only Actinocyclus Figure 2 . Both macrophyte species were negatively related to water transparency. Close associations were observed between temperature, TDS, and Utricularia reflexa. Significant negative correlations were observed between the density of Ipomoea aquatica and nitrate and phosphate concentrations. Electrical conductivity, water hardness, pH, BOD, and DO were closely positively related, while these parameters were negatively correlated with temperature and TDS. Over 65% of the total variation was recorded within the first and second PCA components. The strongest contribution to the first axis was recorded by U. reflexa with a PCA loading of -0.35 as compared to I. aquatica with 0.01. However, the reverse was the case in the second component as I. aquatica had a strong negative contribution (-0.25) to it, while U. reflexa had a positive contribution (0.10) on the same axis. The strongest contributions to the first axis amongst the physicochemical parameters revealed pH, EC, DO, water transparency, and BOD with positive Canonical correspondence analysis results are shown in Figure 3 . Over 85% of the total variation observed was explained by the first two axes of the CCA. A close positive association was recorded between U. reflexa and the following phytoplankton species: Actinocyclus sp., Palmellopsis sp., Spirotaenia sp., Microcystis sp. and Marssionella sp. (Figure 3) . Species like Echinospherella sp., Staurastrum sp., Closterium sp., Spirulina sp., Dermatophyton sp., Netrium sp., Ulothrix sp., Cyanoderma sp. and Pernia sp. were negatively correlated to both macrophyte species. However, these phytoplankton species were significantly positively related to phosphate, nitrate, pH, water hardness, EC, transparency, and BOD and negatively associated with TDS and temperature. Echinospherella sp., Actinocyclus sp., and Palmellopsis sp. were negatively related to I. aquatica, water transparency, and depth.
Results from CCA analyses were tested for significance using the Monte Carlo permutation test with 1000 permutations that gave a Trace value of 0.26 (p<0.0001).
Qualitative phytochemical screening for secondary metabolite composition of the two macrophyte species showed that all extract types contained glycosides (Table 4) . Only the methanolic extract contained detectable anthraquinone levels. Cardiac glycosides were recorded in the petroleum ether extracts of Utricularia reflexa and in all three extract types of Ipomoea aquatica. Steroids/triterpenes, flavonoids, and alkaloids were recorded in both macrophyte species. Peak characteristics of different functional groups as observed are shown in Table 5 . These functional groups serve as signatures for identifying allelochemical groups that tested positive in the initial qualitative phytochemical tests (Table 4) . Stretching bonds which represent primary and secondary amines (-NH) and hydroxyl (-OH) groups with wave numbers between 4500 and 3200 cm -1 ; stretching vibrations specific to C-H (3000 cm -1 ); -CH3 and C-H deformations (1460 and 1380 cm -1 , respectively); rocking and wagging of -CH2-peaks (<800 cm -1 ); C=O carbonyl stretching (between 1800 and 900 cm -1 ); C-O stretchings (1500-900 cm -1 ) for alcohols ethers, esters, carboxylic acids and anhydrides; C-S sulphide stretchings (<800 cm -1 ); and Ph for phenyl ring stretchings (~800 cm -1 ) (Table 5) were observed.
DISCUSSION
The pH values recorded in this study are suitable for most biological organisms as they fall within the neutral range (6.5 -8.5) (Branco, Senna 1996 ;   Table 4 Secondary metabolite groups qualitatively analysed from extracts of Ipomoea aquatica, A: Methanolic extract, B: Ethyl acetate extract, C: Petroleum ether extract; and from Utricularia reflexa, D: Petroleum ether extract, E: Ethyl acetate extract. + = Present and -= Absent. Dublin -Green et al. 2003) . Changes in water temperature at Dan Magaji pond are closely associated with local climatic conditions in Zaria. When rainfall is heavier, higher temperatures are recorded, while the opposite occurs when there is reduced rainfall (Chia et al. 2009a,b) . Chia et al. (2011a,b) showed that with the transition from the rainy months to the dry months, DO values increase in other ponds found in Zaria, Nigeria. This is in agreement with the findings of this study. The last three months that mark the transition to the dry months had higher DO values in this pond. Significant temporal differences observed for EC at the different stations are probably due to reduced water levels and higher concentrations of electrolytes relative to water volume. As described earlier in the materials and methods section, these variations may be due to the nature of usage, in terms of irrigation.
As water levels decrease, the possibility of an increase in electrolytes in the water also increases. This is also confirmed by the negative correlation between water depth and EC in the PCA (Chapman, Kramer 1991; Chindah, Braide 2004; Chia et al. 2011a,b) . Variations in macronutrient (phosphate and nitrate) concentrations may be attributed to the inflow of inorganic fertilizers in the surface runoff from neighbouring farms. Our study agrees with Butzler (2002) and Dublin-Green et al. (2003) , who reported that inorganic fertilizers are taken into lenthic water bodies from farms that encompass them.
Associations between phytoplankton species and the macrophytes studied showed that there were negative and positive relationships between both groups. More phytoplankton taxa were found to be associated with U. relexa than with I. aquatica. Ten out of 15 phytoplankton species were significantly negatively associated with both macrophytes. The relative abundances of microalgae and cyanobacteria are in agreement with the PCA and CCA results due to the trends they demonstrated over time and sampling stations. Higher RA values for over 50% of the taxa were recorded towards the last months of the study, when the macrophyte densities were reduced. Further explanations can be derived from the occurrence of taxa like Pernia sp., Cyanoderma sp., Dermatophyton and Closterium sp. mostly from September to November, the same time that macrophyte density began to reduce significantly. These may be implicated in the antagonistic relationships that exist between microphytes and macrophytes in aquatic ecosystems (Gross 2003) . Plankton community structure is regulated by macrophytes and other environmental factors in shallow water bodies (Carpenter, Lodge 1986; Jeppesen et al. 1998; Mulderij et al. 2007) . The presence and densities of aquatic macrophytes in any aquatic ecosystem affect its quality (see Zimmer et al. 2003) . Confirmation of this is shown by the negative relationship between densities of these macrophytes with some physicochemical parameters. We observed that phytoplankton density was not only regulated by macrophyte densities but also by the physicochemical parameters of this pond. Several biotic and abiotic factors are also involved in this process. Although strong significant negative relationships between the density of the microphytes and macrophytes were observed, other physicochemical factors also had significant positive and negative associations with the phytoplankton species. A reverse relationship was observed between physicochemical parameters and either phytoplankton or macrophyte densities. This is because where positive associations existed between phytoplankton and physicochemical parameters, the reverse was the case for macrophytes. This supports the supposition that the principal factors that determined the plankton densities were mostly biological in nature, although not in isolation from the physical and chemical characteristics of the pond (Chia et al. 2011a) . Macrophytes regulate water condition by increasing water clarity, thereby enhancing their own growing conditions, while reducing the concentration of nutrients in the water column. This causes the clear state to be a selfstabilizing alternative to the turbid situation, and hence influences resilience of the system with regards to environmental conditions ). However, the reduction in nutrients in the water column inhibits the growth of phytoplankton species that cannot withstand nutrient limitation. Hilt et al. (2006) demonstrated that physicochemical factors like nutrient limitation sometimes mask the allelopathic or growth inhibitory effects aquatic macrophytes have on phytoplankton. We are unable to compare our findings with other studies with respect to these two macrophytes as it seems most researchers fail to report or consider their direct interactions with neighbouring phytoplankton species. However, Chia et al. (2011a) reported that with increasing densities of Nymphaea lotus and Polygonum limbatum phytoplankton community structures and dynamics varied according to these changes, i.e. with increased macrophyte densities, phytoplankton densities decreased. Surek & Bucka (2004) stated that the algal communities associated with Polygonum amphibium stands had a mosaic structure, which varied in terms of diversity and richness per stand.
Competition between phytoplankton and macrophytes for common resources like space, nutrients, and light is well documented (WiumAndersen et al. 1982; Blindow, Hootsmans 1991; Jasser 1995; Gross et al. 1996; Mjelde, Faafeng 1997; Mulderij et al. 2005) . As with our study, Zimmer et al. (2003) found that the abundance of submersed macrophytes and the presence or absence of minnows have strong influences on phytoplankton biomass and nutrient concentrations in prairie wetlands. With competition, some plants resort to the synthesis of bioactive substances with allelopathic potentials against neighboring plants. The presence of such substances has been reported on the basis of qualitative phytochemical analyses. Further support is provided by the FTIR spectroscopic results. Stretches of C-O, C=O, phenyl, and -OH in most extracts of both plants infers the presence of phenolic and carboxylic compounds, e.g. 46 uinines, anthraquinones and flavonoids. At significant concentrations, phenolic compounds can inhibit the growth of microalgae and other aquatic plant life (Einhellig 2004) . The presence of -OH, C=O, C-O, and phenyl peaks in the different extracts of both plants confirms the presence of terpenoids in these macrophytes. The terpenoid group comprises a wide array of compounds with structural diversity and biological activities. The presence of alkaloids was also confirmed in both plants. The alkaloids are also known to exhibit some level of allelopathy at significant concentrations (Macias et al. 2007) .
Of the two macrophytes studied, I. aquatica tended to have more of a negative relationship with most plants, while U. reflexa showed both positive and negative relationships. Phytoplankton densities were not only regulated by the presence and densities of macrophytes in the pond, but also by the physicochemical parameters of the pond. We are of the opinion that further laboratory and field studies are needed to confirm identities, mechanisms of action, and leaching of allelochemicals from these plants in water.
